Abstract. First, the phase differences between s-and p-polarizations of a circularly polarized heterodyne light beam reflected from the emulsion layer, and that from its substrate, are measured, respectively. The measured data are substituted into specially derived equations, so the refractive indices of the emulsion layer and its substrate can be calculated. Second, the variations of phase differences between s-and p-polarizations due to the wavelength shifts and the extraction of the holographic plate in a modified Michelson interferometer are measured. Then, the thickness of the emulsion layer and its substrate can be estimated based on the measured values of refractive indices, the wavelength shifts, and the phase difference variations. This method has some advantages, such as high resolution and easy operation in only one optical configuration.
Introduction
Silver-halide holographic plates 1, 2 are widely used because of their high sensitivity and commercial availability. According to the coupled wave theory, 3 their thickness and refractive indices strongly influence the characteristics of holograms. To enhance the quality of a hologram, it is very important to measure accurately the associated thickness and refractive indices of a holographic plate. 2 There are several methods 4 -10 proposed for measuring the refractive index of material, but they are suitable only for either absorbing materials 4 -7 or nonabsorbing materials. [8] [9] [10] Although some other methods [11] [12] [13] are also proposed for measuring the thickness, they are applied only for the thickness being smaller than the light wavelength. However, the commercial silver-halide holographic plates consist of a weakabsorbing emulsion layer and a nonabsorbing substrate, and their thicknesses are far larger than the light wavelength. To our knowledge, there is no method for measuring both the refractive indices and the thickness of a thick weakabsorbing material and its substrate with single optical configuration. In this work, an alternative method for achieving all these measurements in one setup is presented. This method is based on Fresnel's equations, 14 heterodyne interferometry, 15 and multiwavelength interferometry. 16 Three pieces of holographic plates are measured, and the measured results are in good correspondence with the reference data. The validities of this method are demonstrated.
Principle
The schematic diagram of this method is shown in Fig. 1 . For convenience, the ϩz axis is chosen to be along the light propagation direction and the x axis is along the direction perpendicular to the paper plane. A light coming from a heterodyne light source 17 has an angular frequency difference between s-and p-polarizations, and its Jones vector 18 can be written as
exp͑Ϫit/2͒ ͬ.
͑1͒
It is incident on a beamsplitter ͑BS͒ and is divided into two parts: the transmitted light and the reflected light. The transmitted light is used to measure the refractive indices of both the emulsion layer and its substrate, and the reflected light is for measuring the thickness. The details are described as follows.
Refractive Index Measurements
The transmitted light passes through a quarter-wave plate Q with the fast axis at 0 deg to the x axis. The Jones vector of the light can be written as
͑2͒
From Eq. ͑2͒, we can see that the right-and left-circular polarizations have angular frequency shifts /2 and Ϫ/2, respectively. Thus, there is an angular frequency difference between them. This circularly polarized heterodyne light beam is incident at onto the silver-halide emulsion layer. Then the reflected light passes through an analyzer AN t1 with the transmission axis at ␣ to the x axis, and enters a photodetector D t1 . Hence, the intensity detected by D t1 can be expressed as
where I 0 and ␥ are the bias intensity and the visibility of the signal, and 1 is the phase difference between the pand s-polarizations coming from the reflection of the emulsion layer. They can be written as where n e is the refractive index of the silver-halide emulsion layer and it can be written as n e ϭnϩik.
On the other hand, the modulated electronic signal of the heterodyne light source is filtered and becomes the reference signal. It has the form of
Both these two sinusoidal signals I 11 and I r are sent to a lock-in amplifier and their phase difference 1 can be measured accurately. From Eqs. ͑8͒, ͑9͒, and ͑10͒, it is obvious that the phase difference 1 is a function of n, k, and ␣, and it can be experimentally measured for each given ␣. To evaluate the values of n and k, we require two phase differences 11 and 12 that correspond to two azimuth angles ␣ 1 and ␣ 2 , respectively. Hence, a set of simultaneous equations 
where n s is the refractive index of the substrate. Because the substrate is a nonabsorbing material, its refractive index can be solved from Eq. ͑14͒ only given an azimuth angle ␣ 3 of AN t1 and the measured value of 13 .
Thickness Measurements
As shown in Fig. 1 
and
where k 1 is the imaginary index of the emulsion layer at wavelength 1 , d e is the thickness of the emulsion layer, and d s is that of the substrate, respectively. 21 is the phase difference due to the optical path difference between the two arms, and it can be expressed as
where n 1 and n s1 are the real index of the emulsion layer and the refractive index of the substrate at wavelength 1 , and d is the path difference between the two arms, except for the thickness of the tested holographic plate in the interferometer, respectively. Hence, the intensity of the test signal received by D t2 can be expressed as
͑18͒
When the wavelength of the heterodyne light source is slightly shifted to 2 , then it becomes
where k 2 is the imaginary index of the emulsion layer at wavelength 2 . These sinusoidal signals I 21 , I 22 , and I r are sent to the lock-in amplifier, then 21 and 22 can be obtained. Hence, the variations of phase difference ⌬ due to the wavelength shift ⌬ 1 (ϭ 2 Ϫ 1 ) can be derived and written as
where n 2 and n s2 are the real index of the emulsion layer and the refractive index of the substrate at wavelength 2 , respectively. Then, remove the tested holographic plate H from the interferometer, and the phase differences are measured similarly. We also obtain 31 at 1 
Experiments and Results
To show the feasibility of this method, we measured the refractive indices and the thickness of two Slavich holographic plates ͑PFG-01 and VRP-M͒ and a hologram fabricated with a VRP-M holographic plate at 25°C. The heterodyne light source consisting of a tunable diode laser ͑Model 6304, New Focus͒ and an electro-optic modulator ͑EO͒ driven by a function generator ͑FG͒ was used, as shown in Fig. 1 Tables 1 and 2 . The reference data from Refs. 2 and 7 and the measured values of the plate thickness with a conventional micrometer are listed in Table 3 for comparison. It is clear that they show good agreement.
In the prior experiments, we showed that the values of n and k could be evaluated by measuring two phase differences 11 and 12 that correspond to two azimuth angles ␣ 1 and ␣ 2 , respectively. To evaluate the values of n and k more accurately, the relations between 1 and ␣ were also measured under the conditions ϭ59 deg and 1 ϭ632.8 nm. The measured results and the associated fitting curves are shown in Fig. 2 . Then, based on these fitting curves, n and k can be evaluated with Eqs. ͑4͒ through ͑8͒ and by the least-square method. For comparison, these evaluated values of n and k are also listed into Table 2 with superscript #. Theoretically, they are more accurate than the results obtained with two phase differences 11 and 12 .
The differences between these two results are small.
Discussions
From Eqs. ͑8͒, ͑14͒, and ͑23͒, we get ͉⌬n͉ϭ
where 13 , and ⌿, respectively. ⌳ eq is the equivalent wavelength ͑Х40 mm in our experiments͒. The angular resolution of the lock-in amplifier, second harmonic error, and polarization-mixing errors are the factors that influence the accuracy of the phase difference in this method. According to Chiu, Lee, and Su's calculations, 20 the total phase difference errors of ͉⌬ 11 ͉, ͉⌬ 12 ͉, ͉⌬ 13 ͉, and ͉⌬⌿͉ can be decreased to 0.03 deg. Substituting the conditions ͉⌬ 11 ͉ ϭ͉⌬ 12 ͉ϭ͉⌬ 13 ͉ϭ͉⌬⌿͉ϭ0.03 deg, 1 ϭ632.8 nm, 2 ϭ632.79 nm, ⌬ 1 ϭϪ0.01 nm, and the measurement results of n e and n s into Eqs. ͑26͒ through ͑31͒, the measurement errors of each plate can be calculated with the software MATHEMATICA. The results are summarized in Table 4 .
According to Chiu, Lee, and Su, 20 we understand that the phase difference error depends on the phase difference, and it becomes very small as the phase difference approaches zero. Substituting our experimental conditions into Eqs. ͑4͒ and ͑8͒, the curves of 1 and ␥ versus ␣ for some different can be plotted in Figs. 3͑a͒ and 3͑b͒ , respectively. It can be seen that when approaches Brewster's angle ͑Х57.99 deg͒ of the silver-halide emulsion layer, both the phase difference 1 and its associated ␥ are almost equal to 0. Compromising between 1 and ␥, ϭ59 deg is chosen for our experiments.
The relations between 1 and ␣ had been measured and depicted in Fig. 2 . Here only the measured data for PFG-01 are rearranged and listed in the columns (␣ 1 ,␣ 2 ) and ( 11 , 12 ) of Table 5 . The associated evaluated values of n and k are listed in the same table. From this table, it is obvious that the evaluated values of n and k are independent of (␣ 1 ,␣ 2 ). To avoid phase wrapping, 21 it is necessary to let ⌿ be smaller than . So our experimental conditions are suitable for the emulsion layer and its substrate with thickness smaller than ⌳ eq /4(nϪ1) and ⌳ eq /4(n s Ϫ1), respectively. Substituting nХ1.67 and nХ1.52 into ⌳ eq /4(nϪ1) and ⌳ eq /4(n s Ϫ1), their measurable thicknesses are smaller than 14.93 and 19.23 mm, respectively.
Conclusions
An alternative method for measuring both the refractive indices and the thickness of the silver-halide emulsion layer and its substrate is presented by using the multiwavelength circularly polarized heterodyne interferometry. These optical parameters can be estimated with only one optical configuration. This method has many merits such as simple optical setup, easy operation, and rapid measurement. Its validity is demonstrated. It is suitable for the emulsion layer and its substrate with thicknesses smaller than 14.93 and 19.23 mm, respectively, in our experiments.
